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STALLING OF IZELICOPTER BLADES

By F. B. Gustafson and G. C. iyers, Jr,
SUNLIARY ' C

Theoretical studies have predicted that operation of
a helicopter rotor beyond certain combinations of thrust,
forverd speed, and rotationsl speed might be prevented by
rapidly Incredsing stalling of thne retreating blade. The T
saue studies aliso lndicate that the efficiency of the o S
rotor will increase until these limits are reached or
closely approached, so. tlhiat 1t 1s desirable to design
helicopter rotors for opersation close to the limits - ' -
imposed by blade stalling. Inasummuuch as the theoretical
predictions of blade stalling involve numerous approxi-
mations and assumptions, an exnerimental investigatlon
was neaded to determine whether, in actual practice, the
stall did occur and spread as pradicted and to establish
tiie amount of _stalling that could be present witiwout
severe vibration or control difficulties being introduced.

The results of such an investigation, conducted on
a typical helicopter, are presented lherein, Photographic
observations of tufts on the rotor blades show that for
the rotor studied, the stall did occur and spread roughly
in the manner predlcted. uorrelation of the tuft photo-
graphs witn pilotTs observations of vibration and control
characteristics show that the effects of stalling on
stick vibration and comnbrol are severe for this helicopter
when the caliculzated ansgle of attack at the tip of the
retreating blade exceeds the sta111ng angle of the air-
foll section by approximately ! - s

Theoretical design charts, constructed on fiw assmmtion
that tip angles of attack cannot bs permitted to exceed
the stall by more than 110, show how blade stalling in
combination with compressibility effects may be expected
to hamper the designer in his efforts to develop high-
speed helicopters. These charts also 1ndicate some of
the neans by which stalling limits may be postponed and
the magnltude of the gains that might be achisved.
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Blade stalling is concluded to be an important
obstacle in the development of high-spced hellcopters,
and the investigation of the varilous known methods of
delaying blade stall mey make posslble substantial specd
incroases.

INTRODUCTION

As a 1lifting rotor moves forward, tho advancing
blades encounter progrossively higher velocitlcs and tho
retreating blades, progressively lower velocities. Thus,
in order to malntain its 1ift, - the retreating blade must
operate at progressively higher anglies of attack as for-
ward speed 1s Increased. It follows that at some ratio
of forward speed to rotational speed the angles of attack
on the retreating blade will reach the stall,

Theoretical analyses presented in references 1 and 2
ghow that the best raotor efficiency 1n forward flight is
obtained by operating at tip speeds at which stalllng
begins to become significant. The analysis of refersence 3
hag shown that, 1f this procedure is not followed, &8
sacrifice in hovering efficiency will result. Con-
flicting with these considerations of efficiency are
practical conslderatlions of safety &and freecdom from
vibration, lnasmuch as desligning the rotor for the con-
dition where stall becomes significant leaves no margin
for maneuvers or gusts, and the pilot, when encountering
these conditions, would find the effects of stall extremely
serious. The net result 1s that blade stall 1s a highly
signiflcant criterion of design and, in the final analysils,
determines the ultimate possibilities of the helicopter.

A great deal of work has previously been done on
rotors operating in the aubtorotative condition. These
studies have indlcated that stalling of the blades did
occur. ln ' flight roughly in ths manner expected from
rotor theory; that 1s, in the case of the autogiro, the
stall was found to occur Lirst inboard on the retreating
blade in the low-velocity region, then to spread outward,
and eventually to approach the higher veloclties neanr :
the tlp. The stalled region should be quite different
for the hellcopter than for the autogiro, owing to the
reversal of direction of inflow. An experimental study
was therefore made on a helicopter rotor for corrclation
with the corresponding theory.
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SY2BOLS
is tip-speed ratioc Q! CO; a.>.
\ true alrspesd, feet per second except where othwer- -
wise noted.
Q rotor angular vslocity, radians per second )

R rotor blade radius, fest

a angle of attack of rotor disk, degrees

4 m
C thrust coefrficient e
T

(p (03)21132>

T thrust, pounds : - C e

o} air density, slugs per cubic foot

c solidity (EEQ)
TR

b rnmmber of blades
R ,

3] cr-dr
Cg equivalent chord | ==

N5

| r=ar

w0
c blade chord, feetb
r radius to blade clerment; feet
A angle of attack of blade element, degrees ]
U blade azimuth angle measured Lrom down-uind position

in direction of rotation
THSORSTICAL ANALYSIS ' T

If the angle-of-attack distribution around the
rotor is calculatzd for some representative condlitions
of flight, it is possible to see where the stalled region”
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is exzpected on the helicopter rotor and how large it may
become.. Results of calculations for representative
flight conditions are shovn in figure 1. The values of
airspeed and rotor gpeed used to ldentify the tlirec con-
ditions illustrated in figure 1 ars somewhat approxinate,
the values used in the calculations having been chosen
to correspond to specific flight data which will be dis-
cussed subsequently. The circles shovwn in the filgure
represent plan views of thie rotor disk, the direction of
flight end direction of rotation being as shown. The
dark region at the center represents the area swept by
tihe hub and blade shanks, The shaded crescents repre-
sent the region where the directlon of Llow over the
retre&ating blades 1s reversed. Wind-tunnel tests on .
practical~construction sections of the blades used indil-
cate tihat the stalling angle is about 12°. C(Consequently,
the contour {or an angle of abtacls of 12°has been dravn
and is considered as the boundary of the stalled region.
A1l angles of attack inboard of this boundary are less
than 12°., Angles outboard are groeater tian 12° and this
region 1s considered stalled. :

For the helicopter under consideration, it would be
expectsd on the basis of the calculatlons that stalling
would bes just beginning to oocur on the retresating tip
at a forward speed of 40 miles per hour and ‘a rétor .spesad
of 205 rom (fig. 1(a)). Similarly, at a forward speed
of 70 miles per hour and & rotor speed of 225 rpm, an
increased rezion of stall is expected (fig. 1(b}) and,
at low rotor speed and a forward speed of 70 miles per
hour (fig., 1(ec)), an appreciable stallad area would be
anticipated.

These calculations are based upon refererice h,_which
malzes certaln simplifying assumptions and takes no
account ol the effect of the stall itsslf on the bleade
motion and timus the angle-of-attack distribution.

EXPERIMENT AL METHOD

In order to obtain experimental data for the present
investigatlion, the type of equipment described in refer-
ence 5 was used. A 35-millimeter motion-<picture camera
was mounted rigidly on the rotor hub and was pointed
along &a blade equipped with tufts and markings. (See
rig. 2.) The tufts wore nieces of wool yarn 3 inches long.

LY

L]
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In figure 3 +typilcal photographs from the records taken
in flight are shown. 1In figure %(a) the blade is on
the advancing side. Note that all the tufts indicate
smooth flow along the blade. In figure 5(b), which was
taken on the retreating side, it can be seen that the
outer portion of the bladse is definitely stalled, the
tuf'ts streaming forward from their atiachment points.
Similarly, the blade at the 0.75 radius.is stalled, at the
0.6 radius is partly stalled, and .at the 0.l5 radils is
tnstalled though the flow is heavily vawed. The blade
sectlion was considered to be stalled when the tufts
indicated reversed or burbled flow over the rear %0 per-
cent of the chord.

RESULTS AWD DISCUSSION

Some of thie results obtalhed from analyzing the
photographs of ‘the blades, such as figure 3, ‘ars shown
in figure li. The observed stall reglons, represented by
the shaded areas, have been superimposed upon the theo-
retically established regions for the same conditions
shown in figure 1. It is seen that the stall does occur
and grow roughly in the expected wmanner. - o

Pilot reactions to the conditions are quite inter-
esting. The condition at a forward speed of 70 miles
per hour and low rotor speed (fig. L.(c)) where a large
amount of stalling is present represents the most extreme
condition that the pilot was able to maintain long enough
to take a record. For this helicopter, therefore, the
condition with this large stalled area (about 15 percent
of the disk area) appears to represent very nearly the
operational 1limit.

In the condition of moderate stall, the pllot
although uncomfortable was able to control the helicopter
satisfactorily and to' talkze records. No effects that would
be associlated with stalling were noted in the first mar-
ginal stall case. I} would seeri then that, although the
effects of a small amount of stalling are folerable,
operation with large amounts of stall is prohibitive.

From the pnreceding discussion stalling would be
expected to impose a resgl linmit on the condition of opera-
tion that may be utilized. It is interesting to examine
the possibllity of correlating practical eXperience with
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rotor theory in this regard and also to examine tie _ 5
influence of the degign variables on the theoretical

stalling limits. A convenient plot for such examination

is shown in figure 5H. ) '

M

The anrzle of attackr reached at the rstreating tip
of the blade depends upon the three variables shown in
figure 5. It depends first upon the tip-sneed ratio y,
that is, the ratio of forward speed to rotational speed.
It also depends upon tue ratlio of the thrust coefliclent
to the solidity CT/b (vhich 1s a measure of the mean
blade 1lift coefficisnt) Ior, ag tle angles of attack all
around the disk increase, the angle of the ratrsating tip
also increases. For a glven helicopter, this gunan-
tLty CT/C may be increased elther by increasing the
weight or by decrcasing the rotational speed. It w2ill 2lso
be increased by oneration at high eltitudes. For of.'i-
cient operation this mean 1ift coefficlent should be kepnt
recasongbly high, Finally, the angle of attack at tae
retreating tip depends upon the ratio of paraslio drapg -
to 1lift; tiwat is, the degree to vhich the thrust vector
wmust tilt forward to overcome the drag of tihie fuseleage,
If a propeller is installed on thie fuselage, 1t is pos-
sible, in effect, to reduce the narasite drag wuicl. the
rotor must overcome. In fact, with increased propeller .
power, negative values of parasite drag can be producod. -
Tnen, although for positlve values of parasite drag the ©
rotor is dragging the fuselage, for negetive values the
propeller and fuselage are drageinz the rotor and the ,
1imiting condition 1s that of tune sutogiro, for wlhiich no
power is being applied to ths »otor. Thus, lncreasing
the ratlo of parasite drap to lirt (fig. %) 15 ecgulvalent
to aprlylng more and more power to the rotor. Values of .
the ratio of parasite drag to l1ii't for present-day heli-
copters at cruising speeds are of the order of 9.1,

Once thne tlp-soeed ratio p 1s fixed, the angle ol
avtack at the retrsating tiv is deterniined for combina-
tions of the ratio of parasite drag to lif't and mesn
blade 1irt coefficient. The line labecled an. = 12° in
figure 5 represents combinations of these quantitics for )
which the calculated angle of attack at tihwe rotreating tip
tat W= 2709) 13 129 Similarly, the line labeled ap = 16°
represents combinations of parasite draz and mean 1ift
coefficient for which the rstreating tip angle of attack
is 16°. Because the stall bezins inboard in the auto-
rotation or rnear-sutorctation conditions, the tvne of
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inboard limit adopted in refersnce 2 has been used for -
conditions where this limit is more stringent than the

tip angle-of-attack limitation. The condition represented

by the short 1limit lines touching the curves labeled
"autorotation® in figure 5 is that the blade angle of
attack shown has been reachned at 2700 azimuth at a radius
such that the tangential velocity is equal to four-tenths
the rotational tip speed. The 12° and 16° lines repre- .
sent the range of angle of attack in which blade airfoils
would be expected to stall and have beén included in
previous theoretical papers as probable limiting condi-
tions of the validity of the theory

The positions of the curves on figure 5 shovw, then,
that increasing either Cg/0, the ratio or parasito drag. to
1ift, or u increases the angie of attack at the -
retreating tip. _ _ o

Now that thess theorastical relationships have been
established, it is of interest to spot selected data
points on tie plots. The condition for which extreme
stall was observed in flight was at a forward speed of
70 miles per hour and a rotor speed of 205 rpn, wnich
co*responds to a tip-speed ratio p of approxinately 0.25
This condition applies therefore to the plot of fig~
ure 5(b). For thic condition the values of tle ratio of
parasite drag to 1lift and Cp/0 locate the point as
shovn. Since this point represents the extreme .amount
of tip stall opsrationally tolerable, ‘1t would appear
that, for this rotor, the 16° tip angle-of-attack line
may be veken as the limit of practical conditlons of
operation, If in a similar manner tixe point at which
stall was just beginning to oceur is plotted (for a for- o
ward speed of hD mphr and & rckhor POUatlonal'uneed of =~ . o
205 rpn, giving a tip-speed ratio of approx. 0.15 and '
locating the point on the plot of fig. 5(a)}, it is Tound
that tbe coordlnate values are such as to place the point
on the 12° angle-of-attack line. Thls result indlcates
again the agreement with theory shown earlizr for this
narginal stall case. It will be noted that, Tfor the
helicopter tested, the operational 1limit occurred vhen
the caliculated angle of attack at the tip of tihe rstreating
blade exceeded the stalling angle of the airfoill section
by epproximately L°. The 12° and 16° sangle-of-attack
ilnes may be considered boundaries of three regions, the
Lfirst representing conditions for which no stall willl be
encountered, the sscond (hatched region 1n fig. 5) repre-
senting conditions for which a moderate amount of stall
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is prosent, and tke third Eross-hatchod regicn in fig. 5)
repregdenting conditions for whiclhi stall is so severe as
to prohibit opesration. ) T '

If, for example, an attempt wers made to fly this
helicopter at 100 milles per hour, and hence at a tip~
speed ratio of approximately .55, sand still use the low
rotor speed used in the first twe casgss, the onersating
condition would be far beyond.the 16° angle-~of-attacit
line that represents the maximum tolerablc amount of
stall, This polnt 1s shown in figure 5(c). '

The combinations of those variables which the designer
may use are limited by the necessity for workinz in the
operationally feasible region., A48 the tip-spead ratio is
increased, the region of possible cpérating conditions
grows smaller and smaller until, finally, at some higher
tip-speed ratio, the area free from gtall disappears
entirely. The permissible blade loading Cm/o and,
thus, the load tiiat can he carried grproaches seroc. The
tis~speed ratio vhich may be attained is thersiore '
limited by stzlling. I large increases, in the high
spesd of ‘the heliconter are attempted, accompanying
increafes in the rotational speed must, of necessity, be
made in order to keep dewn the tip-speed rutio and avoid
gevere stalling. Large increases in rotational speed,
however, lead to coupdresslbility losses at the biads
tips. The degree to which low tip-swecd raties can be
maintained with increasing ferward speod is therefors
limited by compre~sibility. Tip astall and compressi-
bility thus ultimately limit the kigh swéed of the :
..eliconter. ' a ST T T e e

The higher the loadings that the designer attempts
to maintain, the lowsr are the tip-spced ratios vhich
can be attained without severe stalling; and the lower o
the perrmissible tip-speed ratios, tnz lower is the forwerd .
speed at which compressibilitfy troubles ocecur. Figh ~— '~
loadings thus involve low limiting speeds and, converscly
high speeds necessitate low loadings. The high-speed heli-
copber must therefore be lightly loaded, which suggmests
a large rotor of hlgh solidity operating at high tin
speeds. .

Figure 5 also indicates & number of ways in which
the helicopter desipgner may postpone the stall without
incurring penalties in performance elsovhere. Very

o
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significant gains are available.if the stalling charac-
teristics of present-day rotor blades are improvea. Two
means are availlable for increasing the stalling angle:
(L) irregularities in the section that induce premature
stall should be avoided and (2) airfoil profiles having
higher stalling angles may be used insofar as 1is pos-
zible without producing drag increases at low angles and
without producing large pitching moments. Another possi-
bility from which only benefits accrue is cleaning up
the fuselage, since reducing the parasite drag has already
been shown to reduce the angle of attack in the region

of the stall.

A reduction in CT/O or in the medn blade 1ift coefli-

cient is undesirable because of penalties incurred else-
where, for example, in hovering and cruising flight.

One way to avoid this problem, however, 1is by the use of
a gear shift. The helicopter may be designed for high
speed on the basis of compressibility and stall limits
(which factors call for use of a low mean 1lift coeffi-
cient) and a gear shift may be provided to permit reduc-
tion of the rotor rotational speed in hovering and in
low-speed operation. The msan 1ift coefficients may
thus be raised to efficient values for these conditions.

It may also be remarked that the introduction of
some twist in the blades shows promise of delaying the
stall, since 1t tends to distribute the 1ift more evenly
along the blades and to reduce the high loadings at the
tip.

CONCLUSIONS -

On the basis of the limited expérimental and theo-
retical .treatments presented, the following conclusions
concerning the stalling of hellcopter blades may be
drawn: :

1. Stall occurs and spreads roughly in the marner
predicted by helicopter theory. ' ' T

2, Stalling imposes a practical limit on the condi-
tion of operation which may be utilized. For the heli-
copter tested, the operational limit occurred when the
angle of attack at the tip of the retreating blade exceeded
the stalling angle of the airfoil by approximately 1O,

~
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3. The extent of the experimental data and the
degree. of agreement shown are believed to be sufficient
to indlcate that theoretical stalling calculations csn
be used as a basis for helicopter rotor design.

li. Further correlation of data with theory and study
of the avenues open for postponing the stall should be
extremely helpful in reallzing the ultimate possibilities
of the helicopter.

Langley Memorial Aeronsutical Laboratory
Natlonal Advisory Committee for Aeronautics
Langley Field, Va., April 15, 1946
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Figure 1.- Theoretical stall boundarles for representative helicopter conditlions, o
Welght, 2580 pounds; radius, 19 feet; parasite-drag arees, 23 square feet; .

stalling angle of attack, 129, H
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Figure 2.- Camere installation on helleopter rotor hub.
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Figure 3.- Typical photographs taken in flight of tufts on a
helicopter rotor blade.
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Parasite drag
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Figﬁfé 5.- Theoretical stalllng-angle plots.,
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